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CONVERSION FACTORS, VERTICAL AND HORIZONTAL DATUMS

Multiply By To obtain
centimeter (cm) 0.3937 inch
cubic centimeter (cf) .06102 cubic inch
gram (g) .03527 ounce (avoirdupois)
gram per square meter per day [(&/i) .00345 ounce per square foot per day
millimeter (mm) 0.03937 inch
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
square meter (fn 0.0002471  acre
hectare (ha) 2.471 acre
square kilometer (kA  247.1 acre
megagram per day (Mg/d) 1.102 ton per day

Temperature in degrees Celsi@€) may be converted to degrees FahrenhE)tds follows:

°F = (1.8% °C) + 32.

VERTICAL DATUM

Sea levelin this report, "sea level" refers to the National Geodetic Vertical Datum of 1929
(NGVD of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets
of both the United States and Canada, formerly called Sea Level Datum of 1929.

HORIZONTAL DATUM

In this report, the North American Datum of 1927 is used for Latitudes and Longitudes.
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Magmatic Carbon Dioxide Emissions at Mammoth Mountain,
California

By Christopher D. Farrar, John M. Neil, and James F. Howle

U.S. Geological Survey

Water-Resources Investigations Report 98-4217

ABSTRACT using a closed chamber in 1996; values, in grams

o . persquare meter per day, ranged from background

‘Carbon dioxide (C¢) of magmatic originis  (jess than 25) to more than 30,000. On the basis of
seeping out of the ground in unusual quantities aghese data, the total emission of magmatig €O

several locations around the flanks of Mammoth 1996 is estimated to be about 530 megagrams per
Mountain, a dormant volcano in Eastern day.

California. The most recent volcanic activity on Concentrations of CQexceeding

Mammoth Mountain was steam eruptions about occpational Safety and Health Administration
600 years ago, but seismic swarms and long-  gtandards have been measured in pits dug in soil
period earthquakes over the past decade are 454 snow, in poorly ventilated buildings, and in
evidence of an active magmatic system at depth-below-ground valve-boxes around Mammoth
The CQ emission probably began in 1990 but  \jountain. CG concentrations greater than 10
was not recognized until 1994. Seismic swarms percent in poorly ventilated spaces are not

and minor ground deformation during 1989, uncommon on some parts of Mammoth Mountain.

believed to be results of a shallow intrusion of  Humans and other animals exposed te,CO

magma beneath Mammoth Mountain, probably concentrations greater than 10 percent could lose

triggered the release of GQwhich persists in consciousness and die rapidly. With knowledge of

1998. the problem and reasonable caution, however, the
The CG gas is at ambient temperatures anchealth hazard to humans can be avoided.

emanates diffusely from the soil surface rather As noted earlier, the C@mission is related

than flowing from distinct vents. The G@as to magmatic activity at depth, but at present (1998)

collected in the soil by displacing air in the pore it does not portend an imminent volcanic eruption.

spaces and reaches concentrations of greater than

95 percent by volume in places. The total area

affected by high C@concentrations and high GO INTRODUCTION

flux from the soil surface was estimated at 60

hectares in 1997. Coniferous forest covering about

40 hectares has been killed by high,CO Background

concentrations in the root zone. . _ _
| than 300 soil | lect Carbon dioxide gas is seeping out of the ground
n more than SO'_'gaS Samples collec eqn unusually large amounts at several locations around
from depths of 0.5 to 2 m in 1995, 6O the flanks of Mammoth Mountain (fig. 1, and fig. 2 on
concentrations ranged from background levels . 1) The emission of Cat Mammoth Mountain is
(less than 1 percent) to greater than 95 percent yiostly diffuse from broad areas of the ground surface
volume. At 250 locations, COlux was measured rather than from distinct vents, and because it is
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generally colorless, odorless, and at ambient magmatic CQfrom the land surface probably began in
atmospheric temperatures, it may easily go undetected 990 but was not recognized until 1994.

At some locations, however, G@as accumulated in Mammoth Mountain is a dormant volcano. The
the root zone of plants to concentrations high enough temission of CQ from active or recently active

kill forest vegetation. It was the unusual areas of tree Volcanoes is not unusual (Gerlach, 1991). During the
kill noted by U.S. Forest Service personnel during thePast two decades (1978-97), Mammoth Mountain and
period 1990 to 1994 and a few reports of individuals e adjacent Long Valley Caldera have had periods of
who experienced symptoms of the early signs of moplerate o |_nte_nse geologlc_ u_nrest that included
asphyxia that prompted the U.S. Geological Survey periods of seismic swarm activity, earthquakes greater

than magnitude 6, long-period earthquakes, and
(USGS) to begin an investigation that led to the g gp d

; T - inflation of the land surface related to shallow
identification of the anomalous G@missions intrusions of magma (Hill and others, 1985, 1990;

described in this report. The source of the gas is eithqrangphein, 1989: Langbein and others, 1995; and Pitt
degassing magma that has intruded the shallow crust @hd Hill, 1994). The emission rate and composition of
degassing magma in combination with thermal gas from Mammoth Mountain fumarole (MMF,
decomposition of carbonate rocks. Diffuse emission ofig. 2A) changed in response to seismicity beneath
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Figure 1. Location of study area, Mammoth Mountain, California.
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Mammoth Mountain in 1989 (Sorey and others, 1993) Acknowledgments

The emission of C@described in this report is the

most recently recognized phenomenon related to the Fred Richter and Vernon McLean, U.S. Forest
magmatic activity beneath the region (Farrar and Service, provided key information relevant to this study
others, 1995). None of these manifestations of geologignd access to a Forest Service well and buildings.
unrest necessarily portend an imminent volcanic William Anderson, Mammoth Mountain Ski

eruption. Such cycles of unrest may wax and wane ovérorPoration, provided information and access to wells
hundreds or thousands of years without producing at the ski area. William Evans, U.S. Geological Survey,

volcanic activity. Nevertheless, because of the relative’ rovided chemical analyses for several gas samples

. C included in this report. Elizabeth Colvard and Barry

strength and long duration of the unrest, a significant ! . . :

CE . ) Kerr, U.S. Geological Survey, assisted extensively in
scientific effort to monitor and study the volcanic- . . , ,
h d potential has b de by the USGS. oth soil gas sampling during the 1995 field season. Roy

azard potential has been made by the Ustbs, other Bailey, U.S. Geological Survey, examined well

government agencies, and academic institutions. Cocuttings and provided geologic interpretation.
emissions have now been added to the list of scientific

parameters used to monitor volcanic hazards for the
Mammoth Mountain-Long Valley Caldera region. LOCATION AND GEOLOGIC HISTORY

Mammoth Mountain is a large, geologically
Purpose and Scope young volcano in the central Sierra Nevada and is
_ _ located on the southwestern rim of the Long Valley
Since 1980, the USGS has been studying the  cg|dera at the southern end of the Mono-Inyo volcanic

Inyo Craters volcanic chain. This work includes million years has had a tremendous effect on shaping
monitoring seismic activity and other geophysical  the present-day landscape of this region of eastern
parameters, ground deformation, the hydrologic California. The many volcanic mountains, domes, lava

system, and gas emissions. The purpose of studying flows, phreatic explosion pits, areas of warm ground,
volcanic hazards is to provide information on the typeghermal springs, and fumaroles all originate from

of hazards that exist, to provide warnings prior to frequent and varied types of volcanic eruptions or
volcanic activity, to assist other agencies and the publi@ctivity during recent geologic time. Long Valley

by providing information on the present status of ~ Caldera is an elliptical, 20 km by 30 km, volcanic

geologic unrest, and to broaden the understanding ofdepression that formed 760,000 years ago as the result
volcanic systems and processes in general. of a massive rhyolite ash-flow eruption. Later volcanic

ctivity produced steep-sided domes, lava flows, and
ayers of volcanic ash within the caldera. Mammoth
Mountain is composed of several dacitic and rhyolitic
._domes that were emplaced during the interval 200,000
to datte. (1,(?]98'\)/It0 helrihml\;:asu:e'the Ieve_ll_:;of geologic 0 50,000 years ago (Bailey, 1989). The summit of the
unrestin the Mlammo ountain areéa. fhe purpose of,.,,4_shouldered mountain is about 3,360 m above sea

this report is to provide a description and maps of thejg, e and more than 1,200 m above the general level of
magmatic CQ emission and brief discussions of the 14 caldera floor.

source, significance, and potential health hazards from The Mono-Inyo volcanic chain consists mainly

the CG gas. This report contains data from 1994 10 ot 4ozens of steep-sided rhyolite domes and a few
1996 for CQ concentrations in soil, COlux from the phreatic explosion pits draped by a layer of pumice.
ground surface, and water chemistry for samples  Thjs volcanic system, which extends 50 km from the
collected from selected sites around Mammoth north shore of Mono Lake southward to Red Cones,
Mountain. Visitors to the area can use this informationsouth of Mammoth Mountain, has been active

to identify areas where C@missions are high and to frequently during the past 30,000 years (Bailey, 1989).
gain a better understanding of why the emissions areThe most recent activity near Mammoth Mountain
occurring. produced several rhyolite domes (Inyo Craters in fig. 1)

In 1994, as a part of the USGS volcanic hazard
monitoring, CQ emissions were detected at Mammoth
Mountain. Studies of the G@mission have continued

Location and Geologic History 7



and phreatic pits (locations shown in fig\ [2ee fig. 2 composes Mammoth Mountain. Metamorphic rocks
explanation]) less than 600 years ago (Miller, 1985), might also be present beneath the mountain.
including several on the north flank of Mammoth

Mountain. This activity was centered over a

10-km-long dike beneath the north flank of MammothCARBON DIOXIDE EMISSIONS

Mountain that extends to beyond the northwestern

boundary of the Long Valley Caldera (Fink, 1985). Several areas of high G@lux and soil-gas

Much of the surface of the lower slopes of Mammoth concentrations have been identified on the north, west,
Mountain is blanketed by light-colored pumice, as  and south flanks of Mammoth Mountain, mostly at
much as several meters thick, that was erupted duringltitudes above 2,700 m (figAznd tables 1 and 2). In
this most recent activity along the Mono-Inyo chain. Atthis report these areas are referred to as,"CO

the north end of the chain, volcanic activity occurred orfnomalies” or "anomalous areas"” because either the
Paoha Island in Mono Lake as recently as 200 years SCil-gas concentration or the flux is elevated

ago. Although no volcanic activity is believed significantly above typical background values

imminent (1998), there is no scientific basis to suggesii€asured well outside the anomalies. The emission of
that volcanic activity is finished in the Long Valley ~ €Oz from soils is a natural component of biologic

Caldera and the Mono-Inyo volcanic system. zgté\lft):oLnngorgSteS;r?i”sssgntg Zriza\?;?ir;]biet)rlrj?, enerall
The volcanic landforms have been modified by g 9 g y

: less than 25 d. Inthe C lies, fl
rotated fault-bounded blocks and erosional processesgigafesrs th ;]nSO (gg?tg?r)?nd the%ggngZ:ssureliixgi d

inclu_ding the action of glaciers. The final rgtregt of the enerally exceed 100 (gA¥d (table 2). Each of the
glaciers occurred about 10,000 years ago in this part qf, 5in anomalous areas has been given a name based on

the Sierra Nevada. The topography of the Lakes Basir, 04| geographic feature for easy reference. These
below the south flank of Mammoth Mountain, has been, 5 mes are used in the maps, tables, and graphs. Maps

strongly affected by glacial scouring and by the at an enlarged scale of 1:6,000 show more detailed
deposition of moraines. The;e glacial processes views of each of the main areas (fig-@).
produced numerous depressions, several of whichnow g gas in the anomaly areas is largely an

are filled by small lakes. When the glaciers retreated, 8nriched mixture of CQin air. In the table that follows,
veneer of glacial outwash was deposited that now  -hemical analyses of soil gas from two of the

partially blankets the underlying granitic and volcanic gnomalous areas are compared with analyses of soil

rocks. gas from a control site (outside the anomalous area)
Granitic and metamorphic rocks that make up and an atmospheric sample. These soil-gas samples

the core of the Sierra Nevada crop out around the  were collected from a depth of 1 m. The two samples

periphery of Mammoth Mountain on the south, west, with elevated C@concentrations contain

and north sides. The metamorphic rocks are present @oportionately less oxygen, nitrogen, and argon than

discontinuous masses enclosed by the more extensiveo the samples from the control site and the

granitic rocks that also underlie the volcanic pile that atmosphere.

Chemical analyses of soil-gas and atmospheric samples

(Analyses by W.C. Evans, USGS, Menlo Park, California. Values expressed in volume percent]

Soil gas
Chair 12 Horseshoe Lake Control Site Local

anomalous area anomalous area (live trees) Atmosphere
Carbon dioxide 96.526 47.831 0.498 0.037
Nitrogen 2913 41.103 78.106 78.100
Oxygen 531 10.588 20.444 20.946
Argon .028 .480 .952 934
Helium .0013 .0008 .0005 .0005
Hydrogen sulfide <.0005 <.0005 <.0005 <.0005

8 Magmatic Carbon Dioxide Emissions at Mammoth Mountain, California



In the anomalous areas, €€bncentrations from areas underlain by soils with high permeability
range from greater than 1 to greater than 95 percent byhen other factors are equal.
volume. Helium is the only other gas found to occur in
unusually high concentrations relative to air; but in
terms of volume percent, it is a very minor constituent Methods of Measurement and Investigation
Excesses of sulfur gases compared to air are

conspicuously missing from the soil gas even thougha ~ Surveys for locating C&anomalies have been
magmatic origin for the C§is indicated. done in the locations shown in figure 2. Surveys

Green plants take in GQhrough their leaves included transects along which soil-gas samples were

produce energy to grow by photosynthesis and respirextracted from depths of 0.5 to 2 m and analyzed for

oxygen to the atmosphere. Slightly elevated €G®els %OZ concentration and grids of sites v_v_here emission
) rates were measured. The surveys initially focused on
in the atmosphere around plants has been found to

: - ny areas where the forest r nhealthy or wher
accelerate growth and often is beneficial to the plantsa y areas where the forest appeared unhealthy o ere

a large percentage of the trees were dead. Aerial
(Heath anql others, 1993)' However, elevated . photographs and multispectral images collected from
concentrations of C&in the root zone can be toxic to

. o . low-altitude fixed-wing aircraft were used to aid in
plants (Qi and others, 1994). Normally, the air in soil g

: mapping and identifying areas of dead and dying
contains less than a few percentC@hen the !evel forest. High concentrations of G@&ere not found in
exceeds 10 to 20 percent, root development is

o : all the tree-kill areas, and some of the tree-kills were
inhibited—hence water and nutrient uptake are

q d " | be aff db clearly caused by insect infestations or fire. Other
ecreased. SO'_ pH also may_ e aftected by transect lines were run along access roads, along which
uncommonly high concentrations of &O'he

_ : samples were collected at roughly uniform spacing.
concentration of CQin the root zone that causes  Thgge Jines were designed to provide a survey not
vegetation to die depends on many factors, including pi55ed by the visual appearance of vegetation.

the length of exposure, presence or absence of other The CQ, concentrations were determined in the

gases, soil moisture conditions, amounts of nutrlents,fielol using a gas chromatograph stationed at a central

and the species of plants. At Mammoth Mountain, the,.ation. Samples of soil gas were collected in §-cm
forest vegetation usually begins to show signs of Stres&lass syringes and analyzed within a few hours of

when soil-gas concentrations of ¢@re 20 percent or - . jiection. The soil-gas sampler consisted of a 1- to

greater. 2-m long, 1-cm inside diameter (1.D.) steel pipe,
There are two measures by which £an be pointed at the bottom end and containing 3-mm

quantified: concentration and mass flow rate or flux. Irperforations in the bottom 8 cm of pipe (as shown in the

this report, concentration refers to volumetric schematic diagram, figA3. A 2-mm 1.D. Teflon tube,

concentration in parts per million or percent at a depthsolated from the rest of the pipe by a rubber packer

of 0.5 m, unless otherwise stated. Flux is a measure @xtended from the top end of the steel pipe to the

the rate of C@Q moving across a surface or boundary perforated section. Sampling syringes with valves were
and is expressed as units of mass (grams [g] or fitted directly on the upper end of the Teflon tube.
megagrams [Mg]) per time (hours or days) froma  Samples were collected after the steel pipe was driven
specified area (square meters or hectares [ha]). Bothto the specified depth and the stale gas was purged from
types of measurements have been made on Mammothe Teflon tubing by removing at least two volumes of
Mountain. The relation between concentration and fluxgas. At 14 sites, samplers similar to those described

is not necessarily direct. A volume of soil may containabove were left permanently installed in the ground

a high concentration of Cut have a low flux at the (locations are shown in figsAZG). Each of these sites
surface; conversely, a volume of soil with relatively low had three samplers set to depths of 0.5, 1.0, and 2.0 m
CO, concentration can produce a relatively high flux. (fig. 3A). Samples collected at different times from the
The relation varies because the flux is dependent on permanent sampler locations were analyzed to identify
both the concentration and the rate of movement. The&oncentration variations at shallow depths and

rate of movement is controlled, in part, by the temporal trends.

permeability of the soil. Gas-flow rates are lower from The CG flux values were determined using

areas underlain by soils with low gas permeability tharclosed-dynamic-accumulation chambers in which the

Carbon Dioxide Emissions 9



rate of change in concentration was measured (Rolston,  Two monitoring wells were drilled in areas of
1986; Norman and others, 1997). The chambers range@iO, anomalies to learn more about variations in

in volume from 10 to 14 liters and had diameters of 2Zoncentrations in the unsaturated zone and the

to 38 cm. In 1995, concentrations were measured witlchemistry and isotopic composition of ground water.
a gas chromatograph for samples collected in syringed/ell HSL-1 (fig. ), at Horseshoe Lake, is 98 m deep
filled from a port on the chamber at intervals from 1 toand well CH-11A (fig. &), on the north side of the

5 minutes. In 1996, concentrations were measured mountain, is 61 m deep. The method of completion of
using an infrared gas analyzer that received gas the wells was similar; construction details for well
pumped in a continuous loop from and back into the HSL-1 are shown in figure 3b. Four 3-mm I.D.
chamber. Readings from this system were recorded gtolyethylene tubes were installed over a range of
frequencies of 2 to 30 seconds for durations of 30  depths from 5 m to near the water table (generally less
seconds to 5 minutes. The flux was calculated from than 45 m) for collecting soil-gas samples. Each well
Ac/At (change in concentration for a time interval)  also has a 5-cm-diameter polyvinyl chloride pipe

using a best-fit linear equation. extending to the full depth of the well, with
Casing
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Figure 3. Configuration of A, permanent soil-gas sampler installations, and B, monitoring-well site HSL-1 of ground-water monitoring well
and soil-gas samplers in the unsaturated zone, Mammoth Mountain, California.
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perforations in the bottom 3 m, for collecting water
samples and measuring water levels.

Areas and Quantification of Emission

Most of the known C@anomalies are below tree
line (about 3,100 m above sea level) and have been
identified because the tree-kill (high level of forest
mortality) has provided a dramatic visual means for
locating them (figs. &4-C). As noted earlier, normal

area is a popular and easily accessible campground and
day-use area for local residents and tourists. Some of
the other anomalous areas are less accessible and the
level of forest mortality is less complete. The
anomalous areas above tree line are more difficult to
find because of the lack of visually discernible
characteristics. Some of the known anomalies are near
to faults mapped by Bailey (1989). Reconnaissance of
areas adjacent to faults above tree line has identified a
few areas of high COconcentrations and emissions.
But the accounting of all C£anomalies above and

soils of the eastern Sierra Nevada have relatively lowbelow tree line is still not comprehensive. As of
levels of biologic activity and contain 1 percent or lessSeptember 1997 about 40 ha (approximately 100 acres)

CO, by volume in the soil pores. In the anomalous

of forest had been killed by high concentrations 0§ CO

areas, CQconcentrations greater than 95 percent havén the root zone. The total surface area of known CO
been measured. The association between areas withanomalies, including tree-kill areas, enclaves of bare

high concentrations of soil-gas G@nd areas of tree-

soil, areas of live forest, and areas above tree line was

kill with nearly 100-percent mortality is clear from the estimated to be about 60 ha (approximately 150 acres).

relation of CQ concentration and the health of trees
along transect lines. However, it is important to

The change in the concentrations of G®the
soil from land surface to a depth of 2 m has been

emphasize that not all patches or areas of dead or dyiﬁgeasured at 14 sites on Mammoth Mountain.
conifers on Mammoth Mountain are the result of highGenerally, the C@concentration increases (positive
concentrations of C&n the soil; many trees have died gradient) with depth in the upper 2 m. But at some

from more routine causes, such as insect damage,
drought, or fire.

locations, reverse gradients or no discernible gradient
has been found. These abnormal gradients are most

Although the anomalous areas contain volumeslikely caused by heterogeneities of soil-moisture

of soil with extraordinarily high concentrations of €O

distribution or soil texture and complexities of

and emission rates thousands of times greater than irtonvective mixing. At well HSL-1, gas-sampling ports

normal areas, the concentration of J@the
atmosphere 1 to 2 m above land surface over these

have been placed at four depths between 5 and 42 m
(42 mis near the water table). The lack of a discernible

areas is generally no greater than two or three times th@O, concentration gradient over the full thickness of
world mean concentration (about 360 parts per millionthe unsaturated zone at this site suggests either that the

[ppm]). Apparently, the C®emitted from the soil

CO, is flowing laterally from a source area

rapidly dissipates by convection and diffusion into thetopographically upgradient from HSL-1 or that the

atmosphere.

CO; flux is driven more by a pressure gradient than by

The anomalous areas identified so far are all westhemical diffusion.

of the developed part of the Town of Mammoth Lakes

Seasonal variations in G@oncentrations at

(fig. 2). The Horseshoe Lake area is the most notableselected locations and depths in the soil have been
CO, anomaly because of its large area (12 ha or abouheasured. C©Oconcentrations in samples collected
30 acres) and nearly complete mortality of the forest from three permanent soil-gas samplers in the

within the area (figs.Bland £). The Horseshoe Lake

Horseshoe Lake area are given in the table that follows.

Carbon dioxide concentration in soil gas
[Sample depth 1 meter; values expressed in volume percent]

Site Setting December 1, 1995 March 20, 1996 April 19,1996  June 19, 1996  July 16, 1996
HSL-PS1 Edge of tree-kill 3.5 9.0 105 3.3 2.7
HSL-PS3 Edge of tree-kill 6.5 51.1 57.6 10.5 8.3
HSL-PS4 Central part of tree-kill 71.8 72.0 — 70.9 715
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Sampler sites HSL-PS1 and HSL-PS3 are located Horseshoe Lake were analyzed (table 3). These
along the edge of the Horseshoe Lake tree-kill area, arehalyses can be used as a baseline for comparison with
both show a strong seasonal variation in,@a depth  future analyses; changes in chemical composition
of 1 m. Site HSL-PS4 is located in the central part of might be an indication of changes in £€mission
the Horseshoe Lake tree-kill area, and the, CO rate. Horseshoe Lake was chosen for sampling to test
concentration shows little seasonal variation. for the possible buildup of COn the lake water. In

The variation in C@concentration is primarily ~S0me volcanic areas, the sudden turnover of lakes has
in response to levels of snow cover and soil moisture 'éléased hazardous amounts 0%,@@d caused the loss

(McGee and Gerlach, 1998). Immediately following a0f human lives (Tuttle and others, 1987; Baxter and
snowfall, the concentration rises until a new Kapila, 1989)._However, no large accumulation 0£,CO
equilibrium emission rate is established. In addition, Was detected in Horseshoe Lake—probably because
depending on the water content and density of a snoi€ lake turns over annually and also loses a large
pack, the emission of GGrom the surface can be volume of water through seepage and(or) flow to
retarded, causing the concentration in the soil to ~ fissures in the lake bottom.

increase further. The winters of 1995 and 1996

produced above-average snow packs on Mammoth Trends

Mountain. Deep accumulations of snow and ice layers
tend to inhibit gas emission from the surface and cause

the area of CQanomaly to increase. This process 0 o CQ are more difficult to establish with

partly explains the increase in G@easured at HSL- - nfijence than are seasonal trends at specific sites
PS1 and HSL-PS3, where the concentrations Were o456 of the high variance in the emission rates

highest during March and April 1996 when snow depthy,e a5 red between sites as close as a few meters apart.
was at a maximum. The area of high soil-gas CO  ajo, emission rates measured months apart might
concentration also may have increased temporarily itter hecause of variations in near-surface atmospheric
during the winters of 1995 and 1996, causing an  nditions (for example, air pressure and winds) and
enlargement of the areas of tree-kill in comparison withy i moisture rather than changes in the,G6urce.

the summer of 1994. The lack of seasonal variation at On the basis of detailed land-based mapping, the
HSL-PS4 suggests that this site may be closer (o the yoq || areas at Horseshoe Lake and Chair 12 did not

main CQ upflow area. change significantly between August 1995 and August
Liquid water entering the soil also affects the  1996. This is an indication that the surface area of CO
CO, concentration and the G@mission rate. When  emission did not increase in these two areas. Detailed
water from rain or melting snow infiltrates below the  mapping of tree-kill was not done in the other,CO
land surface, soil pores become water saturated,  anomalous areas because some are above tree line and
inhibiting the movement of soil gas. The infiltrated  others have more poorly defined boundaries. On the
water also has the capacity to dissolve,@ad carry it basis of field observations, however, the area of dying
away in the ground-water flow system, thus decreasingees probably did increase during this period on the
the total mass of gas emitted at the land surface. In north side of Mammoth Mountain near the ski area
contact with water, C@gas dissolves until saturation lodge.
is reached. The saturation concentration is partly The total mass of magmatic G®mitted from
dependent on the temperature and pressure. Some oflammoth Mountain is estimated to be about 530
the dissolved gas reacts with water molecules to formmMg/d, on the basis of measurements made during
carbonic acid (HCOy); this is a weak acid, some of  August and September 1996 (table 4). This estimate,
which ionizes to form hydrogen and bicarbonate ionsalthough somewhat greater than the rate of 400 Mg/d
(Stumm and Morgan, 1996). Therefore, determining estimated by Rahn and others (1996), is less than the
pH and the concentrations of bicarbonate and other rate of 1,200 Mg/d estimated by Farrar and others
dissolved inorganic carbon species in water samples (1995). The difference most likely is due to the larger
from near the C@anomalies can provide clues to the number of measurements used to calculate the 1996
distribution and quantity of magmatic G@mission. estimate (this study) rather than a change in the total
Water samples from five wells, one spring, and mass emitted.

Long-term trends in the total area-wide emission
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Gerlach and others (1998) have measured largeshallow soil is very high in places, the €S emitted
variations in the total C©Qemission from the from the surface at rates sufficiently low to allow
Horseshoe Lake C{anomaly between 1995 and 1997. ordinary atmospheric circulation to dilute the gas to
Between August 30, 1995, and September 12, 1997, levels well below any health advisory at a short
their measurements show a decline from 350 to 130 distance above ground. Known areas of high
Mg/d, which they attribute to a long-term decline. But concentrations and emission rates are shown in figure 2
11 days later, on September 23, 1997, they measuredsee pl. 1); however, other parts of the mountain, not yet
220 Mg/d; they attribute this large rapid change to a investigated, could also contain high-emission areas.
degassing event caused by dilation of fractures in ~ Carbon dioxide gas is not visible to humans and
response to local crustal deformation. generally cannot be detected by taste or smell below

concentrations of 10 to 20 percent. This lack of easy

detection means that avoidance of any enclosed spaces
POTENTIAL HEALTH HAZARDS without ventilation systems and any natural or man-

made depressions in the soil or snow (fig. 5 [on pl. 1])

Humans and other animals take in oxygen and on Mammoth Mountain is the best means of preventing
expel CQ during respiration. C@is normally present exposure to unhealthy concentrations of,CO
in the atmosphere at concentrations of about 360 to 370 In areas of high C@emission, specific activities
ppm. Exposure to CS£concentrations greater than or conditions that could lead to exposure to unhealthy
5,000 ppm can be a health hazard. The OccupationalCO, concentrations include, but are not limited to:
Safety and Health Administration (OSHA) and the  occupying a tent, digging holes in soil or snow,
National Institute of Health and Safety have issued occupying a snow cave, entering a tree-well (fig. 5),
guidelines for safe levels of exposure toffNational  entering the space between the snow pack and a
Institute for Occupational Safety and Health, 1979). building, lying on or near the ground surface, or

Two factors contribute to the health hazard in entering a poorly ventilated building or below-ground
environments with high levels of G@Stupfel and vault.
LeGuern, 1989). First, at concentrations greater than Miscellaneous measurements made between
10 percent (10,000 ppm), G@ toxic, causing 1994 and 1997 (see table that follows) have found high
physiologic effects that can lead to respiratory and  CO, concentrations in poorly ventilated spaces at
cardiac arrest. Second, large amounts 0 C&h several locations around Mammoth Mountain.
displace air and reduce the amount of available oxygen. Persons entering areas of high.CO

The risk of asphyxiation from high concentration or emission can use the standards set by

concentrations of C&around Mammoth Mountainisa OSHA and the National Institute for Occupational
serious health hazard but one that generally can be Safety and Health (NIOSH) as a measure of potential
avoided easily. Although the G@oncentrations in the over-exposure. The permissible exposure limits for

General levels of carbon dioxide concentration in poorly ventilated spaces around Mammoth Mountain

CO, concentration

Site description (volume-percent)

Snow pits, 1 or more meters deep As great as 70
Cavities in snow around restrooms at Horseshoe Lake As great as 40
Tree-wells around dead trees at Horseshoe Lake As great as 60
Vault—-below ground, water-valve boxes Greater than 80
Snow cabin, near Horseshoe Lake As great as 25
Restroom, closed about 7 months for winter Greater than 2
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employees in workspaces are specified by OSHA as needed; keep patient warm and at rest, and get medical

5,000 ppm (0.5 percent) GQor the time-weighted

average during an 8-hour period and 15,000 ppm (1.5

percent) CQ for a 15-minute exposure period. A
ceiling exposure limit of 30,000 ppm (3 percent), not
be exceeded for any length of time, has been

attention as soon as possible (Joseph, 1985).

In areas around Mammoth Mountain where,CO
concentrations are abnormally high, oxygen is

todepleted. The depletion of oxygen in volume-percent is
approximately at a ratio of 1 to 5 relative to the,CO

recommended by NIOSH. According to Budavari and concentration (fig. 6). For example, as the CO2

others (1989) humans can not breathe air containin
more than 10 percent G@ithout losing
consciousness.

Signs of overexposure to GOy inhalation
include rapid breathing, rapid heart rate, headache,
sweating, shortness of breath, dizziness, mental
depression, visual disturbances, shaking,
unconsciousness, and death.

The recommended emergency first aid for
individuals exposed to high concentrations ob,@20
move the person to fresh air immediately; perform
rescue breathing (formerly referred to as artificial
respiration) or cardiopulmonary resuscitation (CPR)

g concentration increases near zero to 25 percent (see
fig. 6), the concentration of oxygen decreases from
about 21 percent to about 16 percent by volume. This is
because in areas of high gE@bncentration around
Mammoth Mountain, normal air is depleted in an
amount approximately equal to the £&ncentration,
and oxygen makes up about one-fifth of air by volume.
OSHA designates any atmosphere as oxygen deficient
if oxygen is present at less than 19.5 percent by
volume. According to this standard, air containing,CO
in excess of approximately 7 percent by volume is
oxygen deficient, in addition to containing a dangerous

iflevel of CQ..

25

Typical atmospheric values: oxygen,
20.9 percent; carbon dioxide, 0.03 percent

20

Atmosphere below this line (oxygen less than 19.5 volume percent) is designated oxygen deficient by the Occupational Safety and Health Administration
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Figure 6. Relation of oxygen and carbon dioxide derived from magmatic sources, Mammoth Mountain, California.
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SOURCE AND SIGNIFICANCE OF CARBON subsurface distribution is not known; however, the
DIOXIDE proximity of surface exposures suggests that the same
rocks may be present beneath the mountain and
Several lines of evidence indicate that the,CO potentially could contribute to the G@mission.
emission from Mammoth Mountain is of magmatic Seismic data from earthquakes near Mammoth
origin. The estimated 530 Mg/d is much larger than camMountain suggest that the source magma for thgi€O
be expected from biologic activity. Isotopic analyses offrom 2 to 18 km beneath the surface and most likely is
carbon and helium in the soil gas (Farrar and others, greater than 4 km deep (Julian and others, 1998). Most
1995; Sorey and others, 1993; Sorey and others, 1998f the known C@ anomalies are on or near mapped
show that the source is deep-seated (either from the faults (fig. 24). The CQ travels from the source to the
mantle or deep crust). The timing of the release of théand surface through open fractures in the crystalline
gas from the land surface is also consistent with a  rocks and through intergranular pore spaces in the
magmatic origin. In a 6-month period during 1989,  overlying sediment and soil. The open fractures are
activity in a region beneath Mammoth Mountain related to faults and joint systems produced by regional
produced a large number of small-magnitude and local deformation. Pressure gradient is probably
earthquakes and a small amount of deformation of thene main driving force that produces flow of £@&m
mountain surface. The cause of this activity was a smathe source to the land surface, but the gas also moves by
intrusion of magma into the shallow crust (discussed diffusion. Density is an additional factor that controls
later) beneath Mammoth Mountain (Hill and others, the movement and distribution of GQas, especially
1990; Hill, 1996). Occassional long-period near the land surface. Carbon dioxide can displace air
earthquakes at depths of 15 to 20 km have been  because it is approximately 1.53 times the density of
recorded in the vicinity of Mammoth Mountain since air. This process accounts for @&ccumulation in
1989 (Pitt and Hill, 1994) and are further evidence of surface depressions and below-ground enclosed
magma moving from the mantle into the crust beneatiypaces. The same process causest@@ow through
the Mammoth region. Although no G@easurements intergranular pore spaces down topographic gradients.
were made until 1994, the onset of tree-kills, later Ground water is present at depths of 15 to 45 m
recognized as caused by E@ere first noted in 1990. at locations where wells have been drilled on
A U.S. Forest Service ranger reported symptoms of Mammoth Mountain. Ground water occurs in a number
asphyxia when he entered a snow-covered cabin neasf shallow perched aquifers and in one or more deeper
Horseshoe Lake in March 1990 (Fred Richter, oral  flow systems in fractured rocks. Because ground water
commun., 1994). The asphyxia symptoms most likelyis widely distributed beneath Mammoth Mountain and
were caused by a buildup of @ the cabin, which  the same fractures that allow for transport of gas are
lacked proper ventilation. Thus, it can be concluded saturated with ground water, G@wust pass through
that large amounts of GQvere accumulating in and  ground water along its path from source area to the land
emitting from the soil within 6 months after the 1989 surface. The occurrence of carbonated springs and

seismic-swarm and magmatic intrusion. wells on Mammoth Mountain support the notion of gas
Although compelling evidence for a magmatic transport through ground water. Gas transport through
origin for the CQ exists, the mechanism of GO ground water could also explain the lack of sulfur gases

accumulation and release is less certain. The gas couid the CQ emission areas because sulfur dioxide and
be released directly from small magma bodies intrudedhydrogen sulfide are more soluble than,@Owater. It
since 1989, or it could be released through fractures irs possible that the dissolved sulfur gases are being
the seal over a gas-rich reservoir that could have transported away from the G@mission areas in the
accumulated C®from many intrusions over a period ground-water flow system.

of hundreds or thousands of years. Additiona,CO The anomalous emission of G@orroborates
could be generated from thermal decomposition of the seismic and geodetic evidence that magma has
carbonate rocks in the subsurface, but this still requiresecently intruded into the shallow crust beneath
magma for a heat source. The surface exposures of Mammoth Mountain. The amount and rate of
metasedimentary rocks that contain carbonate mineralccumulation of magma are two factors that control the
near Mammoth Mountain are shown in figufe Zhe  onset of eruptive activity in a volcanic system. Future
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